1. The release of ink occurs selectively to long-lasting stimuli (18). There is a good correspondence between the features of the behavior and the firing pattern of the ink motor cells since the initial synaptic input is ineffective in firing the ink gland motor neurons. The features of the firing pattern of these cells have in turn been attributed to a fast K+ current that shunts the initial excitatory input and a late buildup of synaptic input. The purpose of the present paper is to examine these features quantitatively using a kinetic model of the ink gland motor neurons.
2. A modified Hodgkin-Huxley (13) model was developed, which includes seven membrane currents: a ) a fast inward Na+ current, 6) a slow inward Ca2+ current, c) a fast outward K+ current, d) a slow (delayed) outward K+ current, e) a synaptic current, f) a leakage current, and g) a capacitative current. The three ink gland motor neurons are electrically coupled to each other. The model also includes the features of this electronic coupling.
3. The Na+ current underlies the spike initiation, while the delayed K+ current accounts for spike repolarization.
The fast transient K+ current also contributes to the repolarization process and slows the rate of rise of the membrane potential during the interspike interval. The slow Ca2+ current makes only a small contribution to the generation of the action potential, but contributes to the rise of the membrane potential during the interspike interval.
4. A depolarizing current pulse to one ink gland motor neuron yields an initial rapid depolarization followed by a slower component, which after a several-second period results in a burst of action potentials. The activation and inactivation sequence of a fast transient K+ current contributes to the cell's selective response to long-lasting depolarizing current pulses. If the suprathreshold current pulse is preceded by a small subthreshold pulse, spikes are elicited immediately with the application of the suprathreshold pulse, since the subthreshold pulse inactivates the transient outward current.
5. The ink gland motor neurons also show a selective response to long-lasting trains of synaptic input. A train of synaptic input causes an initial large depolarization, but the initial synaptic input is ineffective in firing the cell. As a result, there is a severalsecond silent period or pause before an accelerating burst of spikes is produced. The fast transient K+ current shunts the initial synaptic input, preventing the cell from reaching spike threshold.
Over a several-second period this current inactivates and the synaptic current is more effective in firing the cell.
6. While the fast outward current is inactivating, the synaptic current builds up and contributes to the accelerating burst of spikes.
FIG. 1.
Equivalent electrical circuit of the membrane components of a single ink gland motor neuron. The equivalent circuit consists of seven membrane components including: I ) a membrane capacitance, 2) an Na+ conductance channel (gNa) with its associated equilibrium potential (E,,), 3) a Ca2+ conductance (gca) with its associated equilibrium potential (E,,), 4) a potassium conductance channel (gFK) having rapid kinetics and its associated equilibrium potential (I&), 5) an additional potassium conductance (gDK) with slow kinetics and its associated equilibrium potential, 6) a leakage conductance (g,) and its associated equilibrium potential (EL), and 7) a timedependent synaptic conductance (g,,,) and its timedependent equilibrium potential (E,,,).
7. The results indicate the feasibility of quantitatively relating the biophysical features of individual neurons to the features of the behavior that those cells mediate.
INTRODUCTION
The previous paper (4) described an analysis of four voltage-dependent ionic conductance mechanisms and the synaptic influences that govern the firing behavior of the motor cells mediating inking behavior in Aplysia cafifornica. The present paper is an attempt to develop a quantitative formulation of these various voltage-and timedependent conductance mechanisms in order to test how well they account for the firing pattern of the ink motor cells to applied current pulses and the cell's natural synaptic input.
Quantitative models based on voltageclamp data of the type originally developed by Hodgkin and Huxley (13) for the squid giant axon and have now been extended to a number of different excitable membranes (1, 2, 9, 10, 11, 15, 16) . These models have generally been designed to examine how well the known ionic conductance mechanisms account for the generation of a singleaction potential (e.g., Ref. 13) or trains of action potentials (e.g., Ref. 9 ) in a single cell. This type of analysis is further extended here to examine the firing pattern of three electrically coupled ink gland motor neurons (cells Ll4*,& to depolarizing current pulses and to naturally occurring synaptic input. The results provide insights into how specialized ionic conductance mechanisms and patterns of synaptic input are related to the firing pattern of individual neurons and to the features of the behavior that they mediate.
METHODS
Experimental techniques have been described in detail in previous papers (4, 5) .
Simulations were performed on a DEC system 1099 computer with programs written in Basic. Graphics were done on a Calcomp type 936 plotter. Curve fitting was performed on a PDP 1 l/34 (Digital Equipment Corp.) as previously described (4).
For the comparisons between the experimental and simulated responses , experimental data were only collected from cells where the membrane potential was between -70 and -75 mV. The model predicts a resting potential of -73 mV. For this series of experiments data were recorded on an FM tape recorder (HewlettPackard type 3960A) at 3% inches/s and played back at 15/16 inches/s onto a Gould type 2400 twochannel pen recorder.
RESULTS
Equivalent circuit for a single ink gland motor cell Figure 1 illustrates an equivalent circuit diagram of the ionic conductance channels which are believed to underlie the firing behavior of a single ink gland motor neuron. As a first approximation it is assumed that the membrane channels can be described in terms of conductances rather than permeabilities (12, 13). The circuit consists of the parallel combination of four voltage-and time-dependent channels. These include a sodium conductance (gNa) with rapid kinetics and its associated equilibrium potential ( ENa), a calcium conductance (gc,) with slower kinetics and its associated equilibrium potential (E,,) , a potassium conductance (gFK) with rapid kinetics and its associated equilibrium potential ( EFK), and an additional potassium conductance (g,,) with slow kinetics and its associated equilibrium potential (EDK). In addition there is a passive leakage conductance (gJ and its equilibrium potential (EL), a capacitive component (CM), and a time-dependent synaptic conductance (g,,,) and its time-dependent equilibrium potential (E,,,) (4). A quantitative description of the ink motor neuron, therefore, requires an estimation of each of the various parameters and their time and voltage dependency. There are three electrically coupled ink gland motor neurons. Thus a complete description of the three cells also requires an analysis of their electrotonic coupling.
For a single cell, the sum of the currents in each of seven branches of the equivalent circuit must equal zero.
+ g,,w -Ed + g,,w -EDId + g1,( v -EL) ' + gsyn(V -Es,,) (0 where V is the potential difference between the inside and outside of the cell ( Fig. 1 ) and the remaining symbols are as indicated above. The first step in the analysis was to determine empirical formulations for the timeand voltage-dependent ionic conductances.
Fast inward current
As indicated in the previous paper (4) the Na+ conductance system is a complex function of both time and membrane potential. The general shape of the current waveform and its voltage-dependent behavior (4) suggest that it may be analyzed using a similar approach as that of Hodgkin and Huxley (13) on the squid giant axon. It was therefore assumed that the Na conductance at any potential and time can be considered the product of three factors: the maximum Na+ conductance (&), a dimensionless activation term (ANa( V,t)), which varies between 0 at hyperpolarized levels and 1 at large depolarizations, and a dimensionless inactivation term (BNa( V,?)), which varies between 1 at hyperpolarized levels and 0 at large depolarizations.
Thus:
hiW,f) = &a * MOW * bG',f)
The activation and inactivation terms are assumed first-order processes (9, 13) that can be described by the first-order differ-
where A(V,m) and B(V,m) are the voltagedependent steady-state values of the respective activation and inactivation terms, and T A,Na and TB,Nay the respective voltagedependent time constants. As in the Hodgkin and Huxley (13) analysis it is assumed that the activation process is raised to the third power (equation 2) to account for initial activation delay (see also Ref. 9) . The adequacy of the assumption could not be tested, however, due to a several-milliseconds initial capacitive transient.
Solution of equations 3 and 4 requires an estimation of the activation and inactivation time constants and the steady-state values of activation and inactivation at each membrane potential. By clamping the cell from the resting potential to a series of fixed depolarizations, both the activation and inactivation time constants and steady-state activation can be estimated. At the resting potential BNa( V,O) = 1, since the inactivation is essentially removed (Fig. 3B, Ref. 4) . Assuming the inactivation kinetics are slow compared to the activation process, the peak extrapolated to zero time is given by:
Inspection of equation 3 of the previous paper (4) reveals that the maximum Na+ conductance (eNa) and equilibrium potential have already been estimated where gNa = 7.8 pmho and ENa = -67 mV. Thus:
Using this equation and the I-V data of the previous paper, the Na activation at each of a number of voltages was calculated and plotted in Fig. 2 . These data points are in turn best fit by the equation:
The half-activation point occurs at -18 mV. The falling phase of the Na+ current can be described by the expression: I=(l-e -tiTA)3 * (ple-tlTs + P, * (1 -e+lrB)) ( IO) The values of P,, P2, and TB were obtained from the above analysis and T* was adjusted by trial and error to obtain the best fit to the rising phase and time to peak. The time constants so obtained were corrected for temperature (assuming a QIo of 3) and plotted in Fig. 3B . The data points are best fit by: it is necessary to estimate the maximum conductance and the steady-state values and utilized for the Na+ current. Using equation time constants for the activation and inactiva-8, the inactivation time constant was estition functions.
Estimates of the steady-state activation mated by a least-squares curve-fitting routine. The fast transient outward current and activation and inactivation time constants inactivation time constant thus obtained is can be obtained by clamping from the resting level to a series of depolarizing clamp plotted in Fig. 5A . The data are the pooled results from three experiments and are best levels, as illustrated in Fig. 5A of the previous paper (4). When clamping from the resting (18) is essentially removed (4). Thus, the peak 1 current extrapolated to time of clamp onset is given by: The fast K+ activation time constant was obtained using a similar approach as for the I&9 = ih * A%dK30) * (V-&x) (15) Na+ current. Equation 10 was modified by
Inspection of equation 5 of the previous raising the activation term to the second paper provides an estimate of gFk = 7.0 power instead of the third power (see below).
C,cmho. EFK was previously determined by
The values of P,, P2, and TB were obtained tail-current reversal to be -65 mV (4). Thus: from the above analysis and TA was adjusted by trial and error to obtain the best fit to the
rising phase and time to peak. The relation-7.0 * (V + 65) (16) ship between the activation time constants
Using this equation and the Z-V data of and membrane potential is plotted in Fig. 93 . Th e d t a the previous paper, the FK activation at a are best described by the equation: I ^ *--I each of a number of voltages was calculated and plotted in 
by the equation:
The activation process is raised to the &Id VP) = 1 second power (equation 14) . This was 1 + , (-14.2~W22.8 (17) determined by examining the rising phase of the fast transient outward current at low The falling phase of the fast K+ current temperature (5°C). The second power gave can be described in a similar fashion to that the best fit of first, second, or third powers. 
Delayed outward current
The analysis of the delayed outward current follows lines similar to that for the fast inward and fast outward currents. It was assumed that delayed outward current can be described by the following equations: The activation and inactivation terms are again assumed to be first-order processes. It is therefore necessary to estimate &k, EDK, and the steady-state values and time constants of the activation and inactivation processes.
Estimates of the steady-state activation, activation, and inactivation time constants can be obtained by clamping from the resting level to a series of depolarized clamp levels, as illustrated in Fig. 9A of the previous paper (4). When clamping from the resting potential BDK( V,O) = 1, since the inactivation is essentially removed (4). Thus, the peak current extrapolated to zero is given by:
EDK was estimated in the previous paper (4) and found equal to -75 mV. 
Using this equation and the I-V data of the previous paper (4), the delayed outward current activation at each of a number of Estimates of the activation time constant were obtained using three different techniques. The first technique was identical to that used on the previous two currents. The rising phase of the current waveform produced by clamping the cell from a fixed holding potential to various depolarized levels was fit by using a trial-and-error solution of equation IO with the activation term raised to unity (see below) and using estimates of P,, P2, and TB from the above analysis. These results are plotted as X'S in Fig. 7B . The second method utilized a direct curve fit to the rising phase of the delayed potassium current recorded at low temperature (Fig. 8) . The rising phase was fit by the equation:
The exponential equation was raised to various powers (n) and the time constant was estimated. A power of 1 gave the lowest least-squared error. This estimated time constant was corrected for temperature assuming a QIo of 3 and plotted as a Solomon's seal on Fig. 7B . The third method of estimating the activation time constant was to 150 IISEC FIG. 8. Delayed K+ tail currents. Membrane potential was stepped from holding level (-57 mV) to a fixed depolarization of +3 mV. After 400 ms it was returned to various less-depolarized levels (-7, -17, -27, and -37 mV) . Clamp series was initially performed in ASW to which TTX and Co2+ had been added, and then repeated after blocking the delayed outward current with TEA. Responses illustrated were then obtained by computer subtraction. Temperature, approximately 1 l°C. perform a least-squares curve fit on the tail currents produced by stepping the potential from a fixed depolarized level back to various holding potentials (Fig. 8) . The tail currents were fit to equation 8 and time constants were again corrected for temperature. The data points from this experiment are plotted as stars in Fig. 7B . The thre-e methods gave consistent results and the entire data range is best fit by the equation: 
Slow inward current
It is assumed that the slow inward current can be described by the equation:
where &2l(W) = &a * &,W,t) * &a( W (29) and activation and inactivation are assumed to be first-order processes. 
Leakage channel and membrane capacitance Since all the active conductance mechanisms are essentially unactivated at the resting potential, it would seem that the leakage conductance could simply be measured using a small hyperpolarizing voltage clamp or current pulse and measuring the resultant current or voltage change. The equilibrium potential could then be considered the resting potential. But the estimation of the leakage and capacitative currents is complicated by the fact that the three' ink motor cells are electrically coupled to each other. Thus, any leakage-conductance mea-
Equivalent circuit for the three electrically coupled ink gland motor neurons. Each motor neuron has an admittance (Y*(s), YB(s), Y&s)) and is coupled to its neighbor by the coupling conductances G,. The subscript s is the Laplace transform variable. that for small current steps no voltagedependent currents are activated, so the complex admittance is simply the parallel combination of the membrane conductance (G,) and membrane capacitance (C,). Application of a current step to one of the three cells produces a voltage response in that cell given by (see APPENDIX for derivation):
V(r) = 1 (Ga + GdWd surement would be higher than estimated due to the parallel combination of the leakage x (2GaG,embt + (G,G, + 3Gc2)eeat) I (33) conductance of the other two cells. The where situation is illustrated in Fig. 11 . coupled neighbors. Using equcrtiorzs 33 and 37, it is possible to estimate G,, G,, and C,. Intracellular recordings were made from two of the ink motor cells and a small approximately lo-mV hyperpolarization was produced in one cell by a step current pulse (Fig. 12) . The coupling ratio was determined by measuring the corresponding potential produced in the coupled cell. In five pairs of L14 cells examined, the coupling ratio was relatively constant with a mean of 0.33 t 0.11 (*SD). Equation 37 was then solved for G, and this relationship was substituted into equation 33. Ten responses were taken and computer averaged and a nonlinear leastsquares curve fitting routine was then applied to the transient response data and G, and C, were estimated. In general the best-fitting curves were indistinguishable from the experimental data. This procedure was performed in five different experiments. The average values for R,, R,, and C, were: R, = 3.09 t 0.61 MSZ (means t SD), R, = 7.13 t 3.76 Ma, and C, = 9.55 t 1.43 nF. Simulation
The equivalent circuit of Fig. 1 must be extended to incorporate current flowing between each of the three electrically coupled cells (Fig. 11) . At each node the sum of the currents must equal zero. Thus: 
Equations 38,39, and40 represent a set of three coupled nonlinear differential equations in which are embedded the various membrane current and conductance equations (equations I, 2,14,21,29), sets of first-order differential equations for each activation and inactivation parameter (e.g., equations 3,4), the voltage-dependent parameter equations (equations 7, 9, II, (17) (18) (19) 24, 25, 27, (30) (31) (32) , and the voltage-independent parameters as estimated above. The equations for the steady-state inactivations are equations 4, 6, 8, I1 from the previous paper (4). The leakage equilibrium potential was set at -75 mV. The equations were solved using an Euler numerical integration scheme with a O.l-ms iteration size. Smaller iteration steps had no detectable effects on the results. Simulated and experimental responses to trains of short depolarizing current pulses
The earliest indication that postsynaptic mechanisms may contribute to the ink gland motor neurons selective response to longlasting stimuli was the successive enhancement of response amplitudes obtained with a train of short intracellular current pulses (7). Figure 13A illustrates an experiment of this sort. A train (3.3 Hz) of intracellular current pulses is delivered to one ink gland motor neuron while the resultant membrane potential changes are observed. The potential change produced by the first current pulse is small, but subsequent pulses lead to an enhanced depolarization.
The enhanced depolarization was attributed to a transient outward current that initially shunted the current pulse, but inactivated with time so that the same-size current pulse later in the train would be more effective in depolarizing the cell (7). Figure 13B illustrates the predictions of the model to a similar train of depolarizing current pulses. There is a good agreement between the experimental data and the simulated responses. An examination of the currents underlying the simulated responses indicates that the inactivation of the transient outward current does indeed contribute to enhanced efficacy of the current pulses to depolarize the cell. The first pulse activates the fast transient current (I,,) maximally, but due to the time needed to recover from inactivation, the subsequent pulses activate the fast transient current less, and less outward current is available to shunt the depolarizing current pulses. The simulations also indicate that in addition to inactivation of the fast transient current a buildup of slow inward Ca2+ current (I,,) also occurs. With each current pulse the slow inward current is enhanced. Thus both inactivation of a fast transient outward current and a buildup of slow inward current contribute to the ink motor cells' enhanced response to a train of depolarizing pulses. To further test the relative roles of the fast K+ current and the slow inward current in this response, the simulations were repeated with I,, set equal to zero. To obtain a similar initial response it was necessary to increase the magnitude of the current pulses by 17%. Despite the fact that ZCA was zero, subsequent membrane-potential responses showed a similar progressive enhancement. Thus, while both inactivation of the fast K+ current and activation of the slow inward current normally contribute to the enhanced depolarizations with a train of short constant-current pulses, the primary effect is the inactivation of the fast transient K+ current. As the outward current inactivates, the membrane depolarizes further, which then causes an enhanced activation of the slow inward current.
Simulated and experimental responses to long-duration current pulses
Instead of using a train of short-duration stimuli, Byrne et al. (5) utilized a single long-duration intracellular depolarizing current pulse to investigate the ink gland motor cells selective response to long-duration stimuli. When a 2.5-s step depolarization A : experimental response. Intracellular recording is made from one ink motor neuron, while a train (3.3 Hz) of 20-nA constant-current pulses is delivered to the same cell through a separate current-passing electrode. Resting potential = -72 mV. Each successive current pulse produces an enhanced depolarization in the ink motor neuron. B: simulated response. One of the three coupled cells from the model is driven by a 3.3-Hz train of 16-nA constant-current pulses. The current is scaled so that the amplitude of the first simulated depolarization was roughly equal to the first depolarization produced in the experimental situation (A) . As with the experimental data each successive current pulse in the simulation produces an enhanced membrane depolarization.
The enhanced depolarization is due to the inactivation of the fast K+ current (IFK) and a buildup of the slow Ca2+ current (I&.
is applied there is a initial rapid membrane depolarization, which is followed by a slower depolarization, which after a several-second pause leads to a burst of spikes in the ink gland motor neurons (Fig. 14A1 ). When such a suprathreshold current pulse is preceded by a small subthreshold current pulse, the pause is eliminated and spikes are elicited immediately (Fig. 14B,) . The several-second pause observed was attributed to a transient outward current, which initially shunted the excitatory stimulus (5). Figure 14A, FIG. 14. Comparison of experimental and simulated responses to long-duration current pulses. A: single pulse. A 1: experimental response. A 2.5-s 27-nA constant-current step depolarization is delivered to one ink motor cell while the potential changes are recorded from a second electrode in the same cell. There is an initial rapid depolarization followed by a slow several-second rise, which terminates in a burst of four action potentials. Resting potential, -75 mV. A 2: simulated response. To achieve a response similar to the experimental case (A 1), a 22.3-nA current step is delivered to the model (the difference in stimulus intensities used is probably a result of different input resistances). As with the experimental data, the simulated response shows a several-second silent period before a burst of spikes is elicited. The activation and inactivation sequence of the fast K+ current (I& appears to underlie the cells' selective response to long-duration intracellular current pulses. B: experimental response. The same cell as A, is now stimulated with two 2.5-s current pulses; the second pulse had an amplitude identical to that in A 1, but the first pulse was 20% less. The first pulse produces a rapid initial depolarization followed by a slow rise, but no spikes are elicited. With the application of the second pulse, spikes are elicited immediately; the pause previously observed with the test pulse is abolished (cf. A, and B,). B 2: simulated response. A sequence of two pulses is presented to the model. The second (test pulse) is 22.3 nA as in A 2, while the first pulse (conditioning pulse) is 17.2 nA. As with the experimental data, the conditioning pulse produces no spikes, while the test pulse activates a train of spikes with no pause. The stimulation indicates that the pause is eliminated because the conditioning pulse inactivates the fast transient K+ current (I,,).
response when a 2.5-s step depolarization current (I,,) and to a smaller extent Ca2+ is delivered to one ink gland motor neuron. current (I& underlie the initiation of the Like the experimental situation, there is a action potential while the delayed K+ several-second pause before spikes are (I,,) and fast K+ (ZFK) contribute the spike elicited. The simulation indicates that Na+ repolarization. The fast transient K+ current
however, also appears to play a critical role in mediating the delayed firing behavior of the ink motor neurons. Due to the high resting potential, the inactivation of the fast outward current is removed at the resting level (4). Thus, the depolarizing current pulse activates this current (Fig. 14A2, ZFW) maximally. But with time the fast transient current inactivates2 and the current pulse becomes more effective in depolarizing the cell. After a several-second rise, the membrane potential reaches threshold and a train of action potentials is elicited. The simulation indicates that a slow increase in Ca2+ current (ZcA) occurs, which also contributes to the slow depolarization during the preburst pause. But as indicated for the case of the progressive enhancement of membrane depolarizations to short trains of constantcurrent pulses (see above), the increase in ZCA seems to be secondary to the inactivation ofl,, . When the simulation was repeated with Zc* set to zero a similar response as that in Fig. 14A was obtained (although a slightly larger current pulse was necessary to obtain a comparable response). Figure 14B2 illustrates the simulated response when the suprathreshold depolarization is preceded by a second subthreshold current pulse. As with the experimental data, the second pulse now initiates a train of action potentials immediately.
The preburst pause is eliminated because the first conditioning pulse has partially inactivated the transient outward current. Although it is not illustrated, the model also predicts the shape of the electronic potentials produced in the coupled cells as a result of hyper-2 The fast K+ inactivation time constant appears to play an important role in determining the selective sensitivity of the ink motor cells to long-duration constant-current pulses. But because there is considerable scatter in the estimates of the inactivation time constants (Fig. 5A ) , the possibility exists that this parameter may be excessively biased by a deviant experiment. To test this possibility the simulation was repeated using a modified equation representing the voltage dependence of the inactivation time constants estimated from the experiment shown in Fig. 5A in Ref. 4 . Results were essentially the same as illustrated in Fig. 14A , differing only in that the duration of the preburst pause was reduced by 10% and five spikes were initiated rather than four. Similar results as those presented were also obtained when the simulations of Figs. 14B and 15 were rerun with the modified equation. Comparison of experimental and simulated responses to synaptic input. A: experimental. A 4.5-s-long train of constant-current pulses (3 ms duration, 160-ms interpulse interval) is delivered to the pleuroabdominal connectives that normally link the abdominal ganglion to the head. Such stimuli mimic the synaptic input to the ink motor neurons when a noxious stimulus is delivered to the head (18). The initial synaptic input is ineffective in firing the cell and there is a severalsecond silent period or pause before the cell begins to fire in an accelerating burst of action potentials. Resting potential, -74 mV. B: simulated . Each cell of the model was driven with the synaptic conductance and equilibrium potential as determined from the previous paper (4). New values of conductance and reversal potential were upd ated every 10 ms. As with the experimental response , the initial synaptic input is ineffective in ftring the cell and there is a several-second silent period before an accelerating burst of spikes is produced. The initial synaptic current depolarizes the cells, which activates the voltage-dependent fast K+ current (IFK). This in turn shunts the synaptic current, reducing its efficacy in driving the cell to spike threshold. With time the fast K+ current inactivates and the synaptic input is more effective in driviv the cell. There is also a late increase in synaptic current. Note that the synaptic current during the peak of the action potential shifts during the train that corresponds to the positive shift in synaptic equilibrium potential (4). The synaptic current was scaled by a factor of 1.7 (see text for details). The synaptic current in this and subsequent figures, while inward; appears reversed in sign due to the convention used in its incorporation into the model. polarizing or depolarizing subthreshold and suprathreshold current pulses in the stimulated cell (for examples see Fig. 8 Role of fast K+ current in mediating response to synaptic input. Simulation of Fig. 15 was repeated under identical conditions except the fast K+ current was set to zero. Spikes are now elicited immediately, *the pause is shortened, and the spike frequency is increased.
Simulated and experimental responses to synaptic input
When noxious stimuli are applied to the head of Apfysia the release of ink occurs selectively to long-lasting stimuli (18). The synaptic input to the ink gland motor neurons recorded in such circumstances can be mimicked by a ~-HZ train of electrical stimulation of the connectives that normally link the abdominal ganglion to the head (18). Figure 15A illustrates one typical response when a 4.5-s train is utilized. While the initial synaptic input is large, it is ineffective in firing the cell. There is a several-second silent period or pause beAore an accelerating burst of action potentials is elicited. Figure  15B illustrates the results obtained when the synaptic equlibrium potential and conductance previously analyzed (4) are substituted into the model. While all three coupled cells are driven by the synaptic input, only the response of one is illustrated. The analysis of the synaptic current was performed using subthreshold s ynaptic input to avoid large inward currents produced by action potentials invading the clamped soma. Thus, in order for the reconstructed synaptic input to fire the cell, as illustrated in Fig. 15B , the synaptic current driving each cell was scaled by a factor of 1.7.
Relative contribution of voltagedependent membrane currents and synaptic input to ink motor neuron firing pattern There is good agreement between the experimental and simulated firing patterns (Fig. 15 ). Both show a selective sensitivity to long-duration trains of synaptic input. With the model it is now possible to specify how much each current contributes to this firing pattern elicited by their normal input. As was the case for intracellular depolarizing current pulses, it is evident that the fast transient K+ current also makes a large contribution to the cells' selective response to long-lasting trains of synaptic stimuli. The initial synaptic current (IS) is quite large (Fig. 15B) . The resultant initial depolarization rapidly activates the fast transient K+ current, which in turn shunts the synaptic current and prevents the cell from reaching spike threshold. With time, the fast transient K+ current inactivates and the synaptic current is more effective in depolarizing the cell despite the fact that the synaptic current decreases slightly. Eventually the membrane potential reaches threshold and an accelerating train of action potentials is produced. During the train there is also a progressive increase in ZCA, which also contributes to depolarizing the cell. As was the case for its contribution to the ink motor cells' response to short and long trains of constant-current pulses, the contribution of ZCA to the depolarization with synaptic input seems secondary to the inactivation of Z*k and also to increases in the synaptic current. When the simulation was repeated with ZcA set to zero, a similar firing pattern as that illustrated in Fig. 15 was obtained (although the synaptic current scale factor had to be increased to obtain a comparable response).
The role of the fast transient K+ current in mediating the cells selective response to long-lasting stimuli can be tested by repeating the simulation with the same synaptic input, but now with the fast transient outward current deleted from the model. Figure 16 illustrates these results. With the fast transient outward current deleted, the preburst pause is eliminated and spikes are elicited immediately. The cell becomes silent for a short period (due to a fall in synaptic current) and then resumes firing, but now the burst occurs sooner and the frequency of action-potential firing is enhanced. While the fast outward current appears to make a large contribution to the cells selective response to long-lasting stimuli, the buildup of synaptic current appears to play a critical role in mediating the late accelerating burst of action potentials. Figure  17 illustrates the results of one simulation where the synaptic equilibrium potential and conductance were held fixed after 2.5 s at their average value between 2.50 and 2.59 s. Now no action potentials are generated after 2.5 s, indicating that the buildup of the synaptic input is critical for leading to the accelerating burst of action potentials observed in these cells.
DISCUSSION
The results indicate the feasibility of quantitatively relating the features of individual ionic conductance mechanisms in individual neurons to the features of the behavior that those cells mediate.
In response to a noxious stimulus, the release of ink occurs selectively to strong and long-lasting stimuli (6, 18). Suprathreshold stimuli greater than 2 s in duration are required to produce significant ink release from the ink gland (18). There is a good correspondence between the features of the behavior and the firing pattern of the ink gland motor neurons. The initial synaptic input to the ink gland motor neurons is ineffective in firing the cells and there is typically a several-second silent period or pause before the ink gland motor neurons fire in an accelerating burst of action potentials that leads to the release of ink (Fig. 15) . Previous studies have attributed these unique features of the ink motor neurons to a fast transient outward current, which shunts the initial excitatory input and a late buildup of synaptic input (5, 7). The results of the present series of papers provide a quantitative confirmation of these earlier suggestions.
The simulations indicate that the initial svnaptic current leads to a large depolariza- 15 was repeated under identical conditions except synaptic resistance and equilibrium potential were held fixed after 2.5 s at their mean values between 2.50 and 2.59 s (R,,, = 5.79 + 0.33 MLR; E,,, = 9.16 2 6.69 mV (mean + SD)). With the synaptic input held fixed, the accelerating burst is eliminated. Thus for lowintensity synaptic inputs it appears that the voltagedependent conductance mechanisms make little contribution to the late accelerating burst normally observed in the ink motor neurons. In contrast, the increase in synaptic current during this period seems the causal agent underlying the later accelerating burst of action potentials. tion, which activates the fast transient K+ current (Fig. 15) . This current, in turn, shunts the excitatory input and prevents it from driving the membrane potential to spike threshold.
Over a several-second period, the transient K+ current inactivates making the synaptic input more effective in firing the cell. As the transient K+ current inactivates there is a simultaneous increase in synaptic current, which further depolarizes the cell and leads to an accelerating burst of action potentials (Fig. 15) .
The model also predicts the discharge pattern of the ink gland motor cells to depolarizing current pulses (Fig. 14) . The several-second pause observed when a long depolarizing pulse is delivered can be quantitativelv accounted for by the activation and inactivation sequence of the fast transient K+ current. The pause can be eliminated by preceding the test pulse with a subthreshold conditioning pulse. The simulations indicate that the pause is eliminated since the conditioning pulse inactivates the fast transient K+ current. Thus, the test pulse activates little fast transient K+ current and the stimulus current is more effective in driving the cell to spike threshold. The enhanced response obtained with a train of short depolarizing pulses (Fig. 13 ) also appears to be primarily due to the inactivation of the fast K+ current, supporting the previous finding that this effect is observed in Na+-and Ca2+-free solutions (7).
The overall goal of these papers was to analyze the ionic conductance mechanisms of the ink gland motor neurons in sufficient detail to account for their firing pattern in response to applied current pulses and synaptic input. Within the limits of the techniques utilized, there is a good agreement between the experimental and simulated firing patterns. There are, however, several deviations between the experimental and simulated results. For example, the threshold for action-potential generation, especially in the case for synaptic input, is higher in the simulations than is typically observed in the experimental situations. This may be due to inaccuracies in the description of the fast inward current, which might also explain the smaller actionpotential amplitude in the simulations compared to experimental data (Figs. I4, 15) . Two additional explanations for the lower threshold to synaptic input might be a lack of isopotentiality between the soma and synaptic region or simply that the synaptic region has a lower threshold than the soma. There are also differences between the waveform of the simulated synaptic input and the experimental synaptic input (Fig. 15) . The experimental input is in general smoother than the simulated. This result is most likely due to the fact that the simulated synaptic currents were obtained by analyzing the synaptic conductance and equilibrium potentials with just-subthreshold trains of synaptic input to avoid large inward currents produced by action potentials invading the clamped soma (see RESULTS and Ref. 4) . The synaptic input produced bv strong stimuli is smoother than that produced by weak stimuli (unpublished observations), presumably due to the recruitment of a slow decreased synaptic conductance (3, 5, 8) . Thus it is likely that the synaptic input may make a slightly greater contribution to the firing pattern than the simulations indicate (see also Ref. 5) .
With long depolarizing intracellular current pulses, the spike frequency adapts (Fig.  14B,) while the model gives infinite trains of action potentials (Fig. 14& ). An additional outward current with extremely slow activation kinetics has been observed in these cells (5), but is not incorporated into the present model. Presumably this current underlies the adaptation process in the ink gland motor neurons (see also Ref. 17) . The slow recovery from inactivation that the ink motor neuron currents exhibit (4) has also not been included in the model. In addition, as pointed out in the first paper (4)) inaccuracies are undoubtedly introduced by: problems with series resistance; lack of spatial uniformity of the voltage clamp; problems in resolving the rapid inward current, which was usually contaminated by capacitative artifacts; lack of specificity of the pharmacologic blocking agents; errors in estimating reversal potentials; and the necessity of relying on extrapolated data for some of the voltage-dependent parameter estimates. Despite these limitations, the simulated and experimental responses are in good agreement for four independent tests (e.g., Figs. 13, 14A, 14B, 15) and with previous qualitative observations (5, 7, 8, 18) on the role that the ionic conductance mechanisms play in mediating the ink motor neuron firing pattern. Thus while the analysis is in some respects incomplete, it appears that the essential features of the processes have been captured well enough to elucidate the primary basis for the selective sensitivity of the ink motor neurons to long-duration constant-current pulses and trains of synaptic input.
The ability to describe quantitatively the firing pattern of the ink gland motor cells is a first step in a quantitative analysis of the entire neural circuit mediating inking behavior. Subsequent work will be directed toward elucidating the sensory and interneuronal pathways of this reflex (3). By extending the tvpe of analvsis used here it should be possible to completely describe the entire behavior in terms of ionic conductance mechanisms and synaptic connectivity patterns of the individual neural components of the behavior.
APPENDIX
The following is a derivation of the membranepotential changes produced in each of the coupled ink gland motor cells by a hyperpolarizing intracellular current pulse in one cell. It is assumed that intracellular electronic decrement is small compared to the decrement across the electrotonic synapses. The passive properties of the three coupled ink gland motor neurons can be modeled as in Fig. 11 , with each complex admittance equal to the parallel combination of the membrane resistance and capacitance. An intracellular current pulse (I,) is delivered to cell A and the membrane response in cell A and one of its coupled neighbors is to be determined. The sum of the currents at each node must equal zero. Thus for cell A: September 1979.
